Endoluminal ultrasonography (ELUS) is a noninvasive diagnostic technique used in urology to image tubular structures of the urinary tract. Through advancements in technology, modern ELUS is able to create three-dimensional images, which provide valuable clinical information for the diagnosis and treatment of urologic disorders. The efficiency and accuracy of this technology is confirmed through validation studies using human and animal models. Although a relatively new method, the clinical application of this technique holds great promise in the field of endourology. The technology, advantages, limitations, validation studies, clinical applications, and future of ELUS are explored through this comprehensive review of current urologic literature.
INTRODUCTION
The role of endoluminal transrectal ultrasound in the diagnosis and biopsy of prostatic diseases is well established. The pathology of infrarenal tubular and hollow structures such as the ureters, bladder and urethra is heavily reliant on contrast studies such as voiding cysto-urethrograms, retrograde urethrograms and retrograde pyelograms. Other radiological studies such as helical computed tomography (CT) and magnetic resonance imaging (MRI) studies may be additive to diagnostic urologic instrumentation. Advances in endoscopic instruments such as flexible cystoscopies and ureteroscopes provide complimentary visualization of intraluminal pathology. Three-dimensional diagnostic evaluations of urologic structures to study the pathology in the wall and the bed surrounding the tubular and hollow urologic anatomical structures are currently explored by advances in endoluminal ultrasonography (ELUS) techniques. This report reviews current advances in ELUS to diagnose urologic lesions in the lumen and extraluminal anatomical structures.
TECHNOLOGY OF ELUS
Endoluminal ultrasonography is an imaging modality where flexible catheters with high frequency transducers are inserted into a lumen endoscopically to image the urethra, bladder, ureter, and renal pelvis (1-3). These high frequency ultrasound transducers, which create very detailed images by providing a greater axial resolution, are usually located at the tip of the ELUS catheters and are used to image lesions in tubular and hollow structures (4, 5) . A common frequency used in this procedure is 20 MHz as it distinguishes between anatomical and pathological structures more accurately than lower frequencies.
However, in some superficial carcinomas, frequencies higher than 20 MHz are more efficient as they provide a more exact staging (4, 6) .
Conventional ELUS is a catheter-based system that produces two-dimensional (2D) cross sections of tubular structures and useful visualization of tissues (5, 7) . However since anatomy is threedimensional (3D), 2D imaging is not an efficient method for diagnosticians to correctly identify intraluminal pathology. In addition, 2D images represent a thin plane at some arbitrary angle in the body and thus the image plane is difficult to localize and reproduce for follow-up studies (8) . For this reason, it was essential to develop a system whereby these 2D images could be reconstructed into longitudinal 3D or volume reconstructions, which could be viewed and manipulated interactively by image-rendering techniques (2, 9) . 2D images can be processed using PC-based image-analysis systems, many of which make use of B mode, color Doppler and power Doppler imaging (5, 10) . Specific software for 3D reconstruction of 2D images has become feasible since the early 1990s. In 3D reconstruction, by adjusting the image density threshold and changing the viewing angle by rotating the image longitudinally, the lumen and wall morphology can be examined in any projection (5, 9) . Unlike 2D images, these images can be rotated on any spatial plane to demonstrate the volume dependent detail of the internal lumen (9) . This volume data allows evaluation of a specific point in space from various orientations by rotating, slicing, and referencing the slice to other orthogonal slices. The data also allows for new volume-rendering displays that show depth, curvature, and surface images, which are not available in conventional methods (11) .
3D reconstruction is a new technique applicable to endoluminal imaging. It provides many advantages over 2D imaging by highlighting the spatial relation of anatomic structures, which cannot be appreciated in conventional imaging (12) . It is a valuable diagnostic and research tool that is continually evolving. Although still in its infancy, 3D ELUS is growing in popularity and accuracy as further technological developments are being made to augment its clinical application and efficiency. With the miniaturization of catheters, tranducers and advancement of imaging systems, 3D ELUS might soon adjunct conventional imaging systems, such as CT and MRI.
VALIDATION STUDIES
In vitro and in vivo studies that compare ELUS measurements with actual anatomic specimens of tubular and hollow structures have generally shown close correlations (4, 13) . To insure the success and accuracy of this technology, numerous validation studies were conducted with both animals and humans.
Animal Experimentation
In one reported study, ELUS was performed to image the wall of a pig urethra to compare the crosssectional data obtained by ELUS images and the actual anatomic cross sections. The results showed high quality images detailing different anatomic layers of the urethra. The accuracy of the study was later confirmed by histological cross-sectional studies (4). In studies conducted by Goldberg et al., artificial stones and surgically created pseudopolyps were inserted into nonvascular lumina and were successfully imaged and identified in animal models using ELUS (13, 14) .
The efficiency of ELUS as a technique to guide surgical procedures was also tested through animal validation studies. Rivas et al., injected glutaraldehyde cross-linked collagen in an animal model was used to test the therapeutic efficacy of collagen in the treatment of urinary incontinence. Submucosal, intramucosal, and periadventitial depths of collagen into the urethra and bladder walls in 2 pigs were studied using ELUS. It was shown that ELUS aids in accurately identifying the submucosal location of collagen injection and avoids dispersion of the material (15) . Preliminary ELUS validation studies in animal models demonstrate the efficiency, accuracy, and feasibility of this technique for intraluminal use in humans (13).
Human Experimentation
Human validation studies revolve around correlation of ELUS measurements with anatomical data and accurate differentiation between normal and abnormal structures, which include embedded stones and aberrant vessels (6) . ELUS detected stones embedded in the renal parenchyma and the mucosa of the distal ureter, which was confirmed postoperatively. ELUS identified a tumor in the distal ureter and its depth, which was confirmed by a biopsy. ELUS demonstrated a crossing vessel as the cause for narrowing of the proximal ureter and an idiopathic ureteral stricture (14) . These validation studies in humans encourage potential of this technique as a powerful diagnostic tool in urology.
ADVANTAGES OF ENDOLUMINAL ULTRASONOGRAPHY
ELUS is a noninvasive diagnostic technique that has evolved rapidly over the past 15 years and is now used in urology to image tubular and hollow structures, diagnose urological disorders, and aid surgical procedures. ELUS may readily provide useful imaging because of its safety, minimal invasiveness, and relatively low cost (16) . ELUS images are created in real time and avoid radiation, which is especially important for pregnant patients (1, 17) . With advances in ELUS instruments, this technology may replace or improve current diagnostic techniques in urology.
There are many advantages to using ELUS. It is used to image lesions in the urethra, bladder, ureter, and renal pelvis (1) . The high quality of ultrasound images allows clear visualization of distinct anatomic layers and provides accurate representation of tubular and hollow structures with volumetric and geometric validation (4, 18) . A major advantage of this technique is its ability to image structures beyond the lumen of the tubular structure or hollow viscus (19) . In a study conducted by Goldberg et al., ELUS was able to measure the wall thickness and echotexture of the urethra, urinary bladder, ureter, renal pelvis, bile ducts, small bowel, fallopian tubes, and the uterus (13) . Evaluation of the pathology and morphology of such tubular structures with multiplanar and surfacerendered images allow physicians to obtain valuable clinical information promptly (11) .
ELUS is currently employed in the evaluation, diagnosis, and staging of a wide range of urological abnormalities, such as urinary incontinence. ELUS can be used to directly visualize the sphincter mechanism and identify this condition (20) . This technique is also used to guide collagen injection, which is used to treat urinary incontinence. ELUS accurately identifies the submucosal location of collagen injection, avoids dispersion of the material, and augments the therapeutic efficacy in the treatment of urinary incontinence (15) . Through its technological evolution, ELUS may be used to image the depth of tumors, provide 360° cross-sections of structures and tissues, and convey more information about the spatial relationships of anatomic structures (6, 14, 21) . A novel dimension in ELUS creates new clinical advantages of this technique. For example, ELUS is used to diagnose stones in the ureter and renal pelvis, locate crossing blood vessels that produce compression of the ureter, diagnose tumors in the urinary bladder and ureter, diagnose lumen encroaching pathology, assist in tumor staging biopsy guidance, distinguish between embedded stones and aberrant vessels, guide intraluminal instruments, and distinguish superficial tumors from those with muscle invasion (2, 6, 15, 22) (Table-1) .
ELUS FOR FEMALE PATIENTS
Diagnosis and localization of urethral diverticula in females may pose a problem, as the urethral diverticulum can be easily misdiagnosed to be a redundant vaginal mucous (23) . Female urethral diverticulum or its contents such as stones, endometriosis or tumors may present with diverse symptoms such as voiding dysfunction, pelvic pain, dyspareunia, incontinence, dribbling, and urethral discharge. Diverticula in females may be delayed or misdiagnosed, "mean interval between onset of symptoms to diagnosis was 5.2 years" (23) . From the diagnosis point, urethral diverticula can be classified into 2 main groups. Female urethral diverticula whose ostia are open "open or communicating diverticula" where in the opening of the urethral diverticulum is wide and communicates with the main urethral lumen. Female urethral diverticulum whose ostia are closed, "closed or non-communicating diverticula" whose opening of the urethral diverticula is narrow or closed (22) and is non-communicating with the main urethral lumen may present as cystic palpable mass on urethral examination. Pressure dependent urethral contrast studies may fail to diagnose and locate the closed urethral diverticulum, in these difficult cases ELUS may become diagnostic technique of choice and play a key role in the future (2) . Currently MRI, transvaginal ultrasound have been reported to help diagnose, locate and study the contents of the suspected "non-communicating or closed" urethral diverticulum (24) (25) (26) .
LIMITATIONS OF ENDOLUMINAL ULTRASOUND
Although miniaturized transducers guided ultrasound catheters are available, limitations of ELUS include restricted catheters flexibility, which may lead to noncoaxial or eccentric positioning of the intraluminal ultrasound probe, which may result in image artifacts, or loss of echo signals known as "echo drop outs". In small or tortuous tubular lumens, malpositions of the ultrasound probes may preclude quantifications of lumen dimensions. Other limitations include invasiveness of the procedures with attendant risks of infection, luminal trauma, perforation, migration or ischemia due to lumen obstruction. Presence of gas in the diagnostic fields of bladder and ureter pose a hindrance to accurately visualize the lesions (16) . In addition, the lack of penetration of sonographic beams in ELUS places major limitations on the evaluation of the depth of the invasion in large greater than 2 CMS bladder tumors with a broad base (22) .
SUMMARY
Validation studies consistently suggest that future advances in endoluminal ultrasound technology are bound to improve and better this technique. In an attempt to stretch high index of clinical suspicion of urologic diseases in the realm of pathology and clinical urology, ELUS provides an opportunity to exploit and enhance complimentary radiologic disparate disciplines for diagnosis of difficult upper and lower urinary tract lesions.
ELUS may be useful to screen for early tumors of tubular and hollow anatomical structures of the urinary tract to diagnose screening of the upper and lower urinary tract in patients with refractory positive urine cytology with negative results obtained by currently available urologic instrumentation, contrast dependent studies or by other radiologic imaging such as MRI or computed axial tomography (CAT) scan. Thickening of the luminal wall or hollow viscus may provide an early answer to the refractory positive cytology. Future advances in ELUS may compliment emerging robotic techniques that are currently used in laparoscopic urology (27) (28) (29) (30) .
FUTURE OF ELUS
Endoluminal diagnostic ultrasound should be designed to provide urologists with an opportunity to integrate other diagnostic disciplines. Ideal diagnostic instrumentation should include fast, efficient, noncomplicated instruments with short learning curve: 1) The diagnosis should be easily duplicated; 2) Outcome should carry an increased sensitivity and specificity when compared to the present technologic advances; 3) Early detection diagnosis of malignant lesions of the tubular and hollow structures of the urinary tract and clarity of imaging should be easily achieved; 4) Miniature catheter based ultrasound technique and effective instrumentation with excellent diagnostic yield should be readily available at a small cost; 5) The technique should carry minimal morbidity and mortality; 6) The technology can be safely used in patients with contrast allergies and in pregnant patients. 7) Accurately study small retroperitoneal vessel variations that cannot be imaged by current CAT scan or MRI 8. The tubular lumen of the ureter can be utilized to study and explore vessel morphology combined with duplex Doppler technology. Endoluminal ultrasound is still in its infancy, advances in transducer-loaded flexible miniaturized catheters and computer software holds great promise. Longterm multi-institutional studies to examine lesions of the upper and lower urinary tract may provide a reliable answer to difficult diagnostic lesions in the ureters, bladder and urethra.
